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A STUDY OF THE FILLING OF HURRICANE DONNA (1960) OVER LAND
BANNER I. MILLER

National Hurricane Research Project, U.S. Weather Bureau, Miami, Fla.

ABSTRACT

The processes which resulted in the filling of a tropical cyclone over land have been investigated.

The eddy

fluxes of latent and sensible heat and the dissipation of kinetic energy at the earth’s surface have been computed
for a 3-day period. On the first two days the cyclone was over the ocean and on the third day it was over land.
Hence it was possible to compare the rates of energy exchange at the surface after the character of the lower boundary

had changed.

1. INTRODUCTION

The tropical cyclone is a thermally driven circulation
in the direct sense. The role of the vertical flux of
sensible and latent heat in both the formation and
maintenance of tropical cyclones has been demonstrated
by Palmén and Riehl [21] and by Malkus and Riehl
[14]. The dissipation of kinetic energy by friction acts
as a brake on hurricane development. Consequently,
surface exchange processes are of fundamental importance
to the hurricane mechanism.

As long as the tropical cyclone remains over the ocean
where the water is warmer than the air, evaporation and
the vertical flux of sensible heat from the ocean to the
atmosphere contribute to the growth of the energy of the
cyclone. Over land, tropical cyclones usually weaken
rapidly. After a hurricane moves from a water surface
to a land surface, the rate of frictional dissipation of
kinetic energy at the lower boundary is assumed to change,
but this has not been established. For many years it
was believed that increased friction was the primary
cause for the decay of hurricanes after landfall. Hubert
[9] attempted to determine the effect of friction on the
rate of filling after a hurricane passes from water to a
land surface. He concluded that friction alone is not
enough to account for the decrease in intensity over
land, and suggested that a change in the available energy
supply is the predominant factor which causes filling over
land. Byers [2], Riehl [28], Bergeron [1], and Palmén
[20] also believe that it is the removal of the sensible heat
source (hence also the removal of the latent heat source)

" which makes the most important contribution to the
filling process over land. However, no one has ever pre-
sented any calculations which support this hypothesis.

The purpose of this paper is to examine in detail the
changes in the energy supply which occur after the center
of a hurricane moves away from the warm waters of the
tropical oceans. We shall examine the changes in the
flux of energy through the lower boundary. This will

Some significant differences in these rates of exchange were detected.

include calculation of the vertical flux of both sensible and
latent heat over water and over land. Frictional dis-
sipation of kinetic energy over land and over water will
be compared. Structural and thermodynamical changes
observed during and after landfall will be related to the
changes in the energy fluxes. The kinetic energy budget
will also be computed, and it will be shown that the
production of kinetic energy is less over land than it is
over water. The reduction in the production of kinetic
energy can also be related to the removal of the surface
heat source. It is hoped that these calculations will
partially answer the question as to whether filling of a
tropical cyclone over land is due to increased friction or to
the removal of the oceanic heat source.

2. SOURCES AND ANALYSES OF DATA

The calculations are based on data obtained in the
vicinity of Hurricane Donna which occurred in September
1960. A portion of the track is shown in figure 1. Donna
was selected because the center of the cyclone passed
through a region where the density of rawinsonde stations
is considerably greater than normal. The surface re-
porting stations in the Bahamas, Cuba, and Florida
provided good data coverage at the surface, which was
necessary for the computation of the energy exchanges
between the lower boundary and the atmosphere. Re-
search aircraft, flown by the Research Flight Facility
of the Weather Bureau along paths near the core of the
cyclone, collected detailed data on winds, temperatures,
and relative humidities at three levels on September 9,
The center of the cyclone was under constant radar
surveillance for the entire period for which calculations
were made. This made it easy to prepare a detailed
track of hourly center positions which was necessary
for determining the radial component of the wind. -
Another advantage in using the Donna data resulted
from the fact that the thermal structure of the immediate
environment of the cyclone remained almost constant
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Ficure 1.—Track of hurricarie Donna, September 8-11, 1960.

before and after the center of the cyclone moved inland
over Florida. As a result, one could consider the Donna
calculations as very nearly approaching a controlled
experiment, in which the only variable allowed to change
was the character of the lower boundary. Consequently,
it provided an unusual opportunity to examine the effects
of changed surface friction and surface heat source after
the center of the hurricane moved inland.

The center of the hwricane passed north of Cuba on
the 9th, across the Florida Keys on the 10th, and into
central Florida during the early part of the 11th. Cal-
culations were performed for each of these three days.
On the 9th and 10th the center was over water and on the
11th the center was moving over land. The computa-
tions should, therefore, provide a basis for comparison

78¢
Time is GMT.

of the energy transformations over water with those over
land.

Many of the radiosonde stations made soundings at
3-hr. intervals when the center of the hurricane was less
than 300 n. mi. away, and at 6-hr. intervals when the
center was 300-800 n. mi. away. These data were
supplemented by flight data collected by aircraft flying
at 1600, 6400, and 14,200 ft. on the 9th. The tracks
of these flights are shown in figure 2. Several dropsondes
were made by the Navy from the 700-mb. level on the
9th and 10th. For any one synoptic time, however, the
data were too sparse to permit the detailed calculations
needed to describe the various energy transformations.
Consequently, it was necessary to composite the available
observations over 12-hr. periods in order to obtain enough
data with which to work.
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Frcure 2.—Tracks of research aircraft at 1600, 6400, and 14,200 ft.

The three compositing periods included the hours from
0000 to 1200 amt on the 9th, 10th, and 11th. The center
was passing over land during these hours on the 11th.
The same periods were selected on the 9th and 10th
(while the center was over water) to eliminate the neces-
sity for comsidering possible diurnal effects when over-
water and over-land computations were compared.

The data were composited and plotted with respect to
the center of the moving cyclone. At all levels, data were
plotted at the actual position of the balloon at that level
(in both space and time) rather than at the position of the
observation station and at release time. The density of
the data following the compositing process for the three
12-hr. periods is shown in figure 3.

The compositing of data around a tropical cyclone is
necessary if one wishes to perform any sort of quantitative
analyses. It is permissible as long as the cyclone is in a
relatively steady state. On the 9th and 10th, Donna was
probably as near to being in a steady state as a mature
hurricane ever is. Hence, the compositing process gives
a reasonably accurate picture of the cyclone. On the
11th, however, the center of the cyclone was moving over
" land, the central pressure was rising, and the circulation
was weakening. This creates some doubt as to the
validity of a composite chart. Figure 4 shows the time
variations of the central pressure: It will be noted that
most of the rise in the central pressure (more than 30 mb.)
occurred between 1200 amr on the 10th and 0000 aMT on
the 11th. This gives some indication that the cyclone
was In a quasi-steady state over land during the period
for which data were composited. It would be preferable
to have used only synoptic data, but this was impossible.
In fact, no really complete synoptic description of the
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Figure 3.—Density of radiosonde, flight, and lighthouse
near hurricane Donna, September 9-11, 1960.
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inner portion of a tropical cyclone has ever been obtained.
The nearest things are descriptions based on aircraft data
obtained by the National Hurricane Research Project,
but these data are also composited over periods of several
hours.

Preparatory to analyzing the data, vertical profiles of
wind speed and direction were plotted for the individual
rawin soundings. Mean winds for layers of 100-mb.
thickness from the surface up to 200 mb. were computed.
For the 200-100-mb. layer, means were computed for
50-mb. increments. If the vertical variation of the wind
direction through a layer was 20° or less, means were
computed from the vertical profiles by equal-area methods.
If the wind direction varied by more than 20°, means were
computed from the balloon trajectory as recorded on the
original rawin computation sheets. Most of the means
for the layers above 300 mb. were computed from the
balloon trajectory.

The mean layer winds were then composited with
respect to the center of the cyclone. Radial and tangential
components of both the actual and the relative winds
were computed. These wind data, the heights of the
constant pressure surfaces, the temperatures, and the
mixing ratios (up to 250 mb.) were plotted at the middle
of each layer (950, 850, . . ., 125 mb.) for each of the
three compositing periods. The height field was carefully
analyzed at each level. From the height analyses,
thickness patterns were computed and these checked for
thermal cousistency. The thickness patterns were
smoothed, where necessary, to make them fit the avail-
able temperature data. New height fields were then con-
structed by differential analysis. These new analyses
were then compared with the originals and in most cases
the difference was found to be negligible.

Frcure 5.—Vertical profiles of the radial wind at 120-n. mi. radius.

Perhaps the most important part of the analysis was
the description of the radial mass flow which is of funda-
mental importance in explaining the energy transforma-
tions within the tropical cyclone. The rate of conversion
of potential energy to kinetic energy depends upon the
radial wind component. In hurricanes the minimum
pressure is related to the mass flow (Kreuger [13]). Much
of the latent heat energy is supplied by the radial trans-
port of water vapor from the environment. Some radial
transport of kinetic energy is apparently necessary to
maintain the core of a steady-state tropical cyclone
(Palmén and Riehl [21]; Rosenthal [30]). Integration of
the kinetic energy equation over a cylindrical volume
requires detailed knowledge of the mass flow inside the
cylinder.

For the surface to 100-mb. layer there was only one
common radius for which the mass flow could be accurately
determined for all three days. This was the 120-n. mi.
radius. For the middle of each layer (950, 850,. . ., 125
mb.) the radial” wind component was plotted against
azimuth. Where the 120-n. mi. radius fell between
plotted data, the radial wind was obtained by linear
interpolation of the mass flow. Smooth curves were
drawn to fit the available data, and the radial wind was
then read from the curves. These data were then adjusted
for mass balance by setting

gi f " ydprdo=0 (1)
/Py

where p, is the surface pressure, p, is the pressure at the
top of the ecyclone (about 100 mb.), », is the radial wind,
r is the radius, and 6 is the polar angle. The adjustment
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Freure 6.—Radial profile of mass flow (v, Xr).

required to achieve mass balance was small, less than 1 kt.
on each of the three days. The vertical profiles are
similar to those obtained from mean data (Jordan [12];
Miller [16]) as well as those observed in several individual
cyclones (e.g., Malkus and Riehl {15]; Miller [18]).
Figure 5 shows that practically all of the inflow into

the cyclone took place below the 700-mb. level. This is
typical of most hurricanes. The layer from the surface
to 700 mb. will be referred to as the inflow layer. For the

inflow layer it was a relatively simple matter to express
the mass flow as a function of radius, although some
subjectivity entered into the determination of the mass
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Ficure 7.—Vertical motion (ecm. sec.”!). Data represent means
for radial intervals shown.

flow for the 40-n. mi. radius. Data were tabulated at
radial intervals of 40 n. mi. and at azimuthal increments
of 30° in order to facilitate the subsequent energy calcula-
tions. The mean radial profiles of the mass flow are
shown in figure 6. It will be noted that the mass flow
changed very little during the 3-day period.

Since an accurate knowledge of the mass flow is of
{fundamental importance in explaining the energy processes
of the tropical cyclone, it is desirable to check the accuracy
of the mass flow computations as closely as possible.
There are two simple ways of doing this.

From the mass flow curves, the mean vertical motion

for the various radial intervals may be computed. The
mean horizontal velocity divergence is

_ 145

Div V——; o (0,1 (2)

the overbar indicating mean values. With values of
divergence from (2) the vertical motion was computed for
the 900-, 800-, and 700-mb. levels. The results are shown
in figure 7. Inside the 40-n. mi. radius the computed
vertical velocities at the 900-mb. level range from 23 to
30 cm. sec.”!, which is comparable to the values of 28 to
37 em. sec.”! obtained inside this radius by Malkus and
Riehl [14] at the 1.1-km. level for their semitheoretical
model.

At the top of the inflow layer the range of vertical
motion inside the 40-n. mi. radius is 55 to 65 cm. sec.”?
If most of the ascent takes place in the form of updrafts
inside undilute cumulonimbus towers which cover up
to 10 percent of the inner area (as suggested by Malkus
and Riehl [14]), then these updrafts must reach speeds of
about 10 to 16 kt. These values are considered reason-
able, and are of the order frequently encountered (based
on estimates by experienced hurricane reconnaissance
pilots) near the eye region of mature hurricanes. Re-
cently, Gray [6] has made some computations of draft
scale vertical motions of this magnitude near the core of
several hurricanes.

An independent check on the mass flow for the 120-n. mi.
radius was obtained by computing the moisture budget
for the 11th. The moisture equations may be written as
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1"):95 f ™ v.qds “Z’+ f EdA—5M]ot (3)
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where P is the average precipitation rate over the area A,
¢ is the mixing ratio, £ is the evaporation and, M is the
total moisture content inside the volume. The vertical
integration extended from the surface (p;) up to 200 mb.
(p.) at which level the mixing ratio was small enough to be
neglected. Equation (3) can -be used to evaluate the
mean precipitation rate for the area inside the 120-n. mi.
radius. This rate can then be compared with the pre-
cipitation measurements on the 11th when the center was
over land.

For the 11th, hourly rainfall measurements from a total
of 45 recording rain gages were composited with respect
to the center of the cyclone. Data for the period 0000-
1200 gmt were plotted and then averaged over squares
with sides of 40 n. mi. The mean isohyetal pattern is
shown in figure 8. The rate of precipitation for the area
was 181.53X10° gm. sec.”™?  The rate computed by use of
equation (3) was 249.76X10° gm. sec.”! The ratio of
observed to computed is 0.73 (table 1), This is considered
excellent agreement, since rain gages (even when shielded)
do not catch the total precipitation in high winds, such
as those observed in hurricanes (Miller [17]). The com-
puted precipitation rate is probably more accurate than
that obtained from the rain gage network.

The mass flow described in figures 5 and 6 resulted in
computed precipitation rates consistent with the measured
rainfall (on one day at least), and the vertical motions
implied by the mass flow curves seem reasonable. The
vertical mass flow curves are not unlike those observed in
other tropical cyclones. It is apparent that the mass
flow has been described as accurately as any available ob-
servational data permit. These data will be used to com-
pute the energy transformations which took place within
the cyclone.

Before discussing the energy computations we shall
examine briefly a few of the structural changes which oc-
curred in the cyclone following landfall. Figure 9 shows
the radial profiles of the surface pressure on the 10th and
11th. Outside the 40-n. mi. radius the data used in pre-
paring figure 9 were obtained by averaging around the
cyclone. Inside that radius individual barograms were
used, time changes were converted to space changes, and
symmetry of the pressure field was assumed. On the 10th
the central pressure was about 929 mb.; and near the cen-
ter the steep pressure profile of the intense hurricane was

TaBLE 1.—Measured and compuled precipitation rates for area of
cyclone inside radius of 120 n. mi., 0000~1200 ¢MT, September 11,
1960

Precipitation (mm-./hr.) | Ratio of
Date ohserved to
computed
Observed | computed
September 11________________ 4.3 5.9 0.73
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By 0600 amt on the 11th, the central
pressure had risen to about 965 mb. and the slope of the
pressure profile near the core had diminished. While the
pressure at the center rose after landfall, the pressure out-
side the 40-n. mi. radius actually decreased. This repre-
sents a redistribution of the mass of the cyclone during the
filling process.

The radial profiles of the low-level winds also show
some significant changes. Outside the 40-n. mi. radius,

I | | I | I T
{61
12—
e b
-
(=3
-l
R
7]
w
=
=
g oF—
<
e
=
2
<
z
-a}—
-8
o o o o o°°
| 1 | 1 | 1

-12 ] Q) 4
NAUTICAL MILES (10's)

Figure 8.—Mean isohyetal pattern, September 11, 1860.  Amounts

in inches/hour.

1000

980

960

saol | ® SINGLE STATION |
X CIRCULAR MEAN

920} T

P ——— (MB)

1 i [ i Il
0 40 80 120 160 200 240
RADIUS (NMI)

Ficure 9.—Radial profiles of surface pressure, 0600 aMT.



September 1964

wind speeds for the surface to 900-mb. layer were averaged
around the cyclone and plotted on a logarithmic scale
(fig. 10). On the 9th and 10th (when the center was over
water) the profiles are similar. On these two days the
wind profile is described reasonably well by the vortex
model Vr*=constant, with z having the values of 0.47
and 0.48. The maximum sustained wind measured over
water was about 111 kt. at Sombrero Lighthouse. On the
11th the slope of the profile outside the 80-n. mi. radius
did not change very much, but inside this radius Vr*32=
constant yields the line of best fit.
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Ficure 10.—Radial profiles of surface to 900-mb. mean layer winds.
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Inside the 40-n. mi. radius on the 9th and 10th, the
profiles are based on wind reports from island or light-
house stations and these were used to estimate the mean
wind for the surface to 900-mb. layer in accordance with
the well known fact that over the oceans the vertical wind
shear in tropical cyclones is small. Over land, however,
the vertical shear is greater than it is over water, and sur-
face winds near the core of the cyclone could not be used
to represent the mean wind for the layer extending from
the surface up to 900 mb. The mean wind for this layer
was plotted against the surface peak gust for rawin sta-
tions which also had gust recorders. 'These data are
shown in figure 11. The peak gust is the highest recorded
the hour when the rawin balloon was released. In gen-
eral it will be noted that the mean wind is about 10 to 15
percent higher than the peak gust. The peak gust at
Lakeland, Fla., when the eye was within about 8 n. mi. of
the station, was 78 kt. Hence we have estimated the
maximum wind (mean for the surface to 900-mb. layer)
over land at 0600 guT on the 11th as 85 kt. This value is
consistent with the wind profile obtained for the outer
portions of the cyclone.

3. THE FLUX OF ENERGY ACROSS THE LOWER
BOUNDARY

We shall now compare the flux of energy across the air-
sea interface with the flux across the air-ground interface.
In any comparison of this type the problem arises as to
the proper value of the exchange coefficients to be used.
Since these energy exchanges at the surface may bhe of
paramount importance to our problem, it is necessary to
spend some time to obtain the best possible estimate of
these exchange coefficients. The working forms of the
diffusion equations to be used are

Qszpchcp(Ts— T)Ve (4)
Qe:]—;E: PLce(QS’Qa) VO (5)
T=pcsV§ (6)

where @; and @, are the fluxes of sensible and latent heat;
p is the density of air at the surface; ¢, ¢, and ¢, are
nondimensional exchange coefficients for sensible heat,
latent heat, and momentum; ¢, is the specific heat of air
(at constant pressure); 7 is the temperature ol the under-
lying surface, 7T, is the temperature ol the air; L is the
latent heat of condensation; E is evaporation; ¢, is the
saturation mixing ratio corresponding to 7%, ¢, is the actual
mixing ratio; V; is thé wind speed at anemometer level,

-and 7 is the horizontal shearing stress.

The form and accuracy ol equations (4)-(6) have been
the subject of much discussion in the literature (Thorn-
thwaite and Holzman [34]; Jacobs [11]; Sverdrup [33];
Deacon and Swinbank [3]; Sheppard [32]; Priestley [25];
Petterssen et al. [23]). Their accuracy undoubtedly leaves
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much to be desired, but they have given some useful results
(Jacobs [11]; Riehl et al. [27}; Malkus and Riehl [15];
Miller [18]). The main weakness in these expressions is
the implied assumption that the vertical profiles of wind,
temperature, and moisture are similar in shape and that
the physical processes responsible for turbulent diffusion
of momentum, heat, and moisture are also similar (Priestley
[25]). There is no valid reason to suppose that the physical
processes are similar.

Over water the roughness itselfl is a function of the wind
speed which makes the determination of ¢, somewhat diffi-
cult, as a survey of the literature will reveal. The
difficulty of determining ¢, and ¢, is even greater. How-
ever, the success of various formulas (e.g., Thornthwaite
and Holzman [34], Petterssen et al. [23]) which are based
on the equality of these coefficients, lends support to the
use of ¢;=¢=c, as a working rule. Deacon and Swin-
bank [3] measured surface stress and evaporation and then
calculated evaporation, assuming that K, (eddy diffu-
sivity) and K, (eddy viscosity) are equal. Their tests
gave a value of K,/K,=1.04+0.09. Rider [26] obtained
an experimental value of 1.1240.04 for the ratio. Both
of these values indicate an approximate equality between
K., and K,. Since there is definite knowledge that the
magnitudes of the coefficients are of the same order, we
will obtain a first approximation of the various vertical
fluxes by making the simple assumption that the various
coefficients are equal.

Sverdrup [33] has summarized the available computa-
tions of ¢; over water. There is much scatter, but the
data may indicate a sort of parabolic distribution, with
¢q reaching a minimum near winds of 6 m. sec.™, then
gradually increasing to about 3.3 X 107% at winds of 25 m.
sec.”!. Wilson [35] collected computations from 46
different sources and attempted to adjust all values of
cq to a standard height of 10 m. He then divided the
results into “light” and strong” winds. For strong
winds the drag coefficient ranged from 1.5 to 4.0X1073
with a mean of 2.373X107® and a standard deviation of
0.56X1073. For light winds the mean was 1.49X1073
and the standard deviation was 0.83X1073.

For winds of hurricane force there are almost no esti-
mates of the drag coefficient. Palmén and Riehl [21] used
composite data compiled by Jordan [12] and Hughes [10]
to calculate ¢4, and obtained a range of 1.1 to 2.2X1073
for winds of about 6 to 26 m. sec.”! Miller [18] computed
¢, for hurricane Helene, using aircraft data from which he
prepared an angular momentum budget, and obtained
values ranging from 2.4X107% to 3.2X107* (winds 30 to
40 m. sec.”™). The latter results represent an almost
linear extension of the Palmén-Riehl data.

For use in making the Donna calculations, ¢, was de-
termined by vertical integration of the tangential equation
of motion from the surface to the top of the inflow layer.
In a cylindrical coordinate system, with radius, », and
radial velocity, v»,, positive outward, the polar angle, 6,
and the tangential velocity vg, positive in a cyclonic sense,
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the height, 2z, and the vertical motion, w, positive upward,
the tangential equation of motion may be written

@__1 ap 77)9 1 aTGz

P B A v

Y

in which lateral friction has been neglected. 1In (7) p is
the pressure, f is the Coriolis parameter, and 7y, is the
shearing stress in the §-z plane.

By assuming (1) steady state (relative to a moving
coordinate system), and (2) that the tangential gradients
of pressure and of v are negligible, equation (7) may be
written as

ang a'Z/O
S5 =p0:{at oW 5= Y

(8)
where ¢, is the absolute vorticity. Assumptions (1) and
(2) are probably justified in most mature tropical cyclones
(Malkus and Riehl [15]; Rosenthal [30]). More serious
is the neglect of lateral friction. The lateral transfer of
momentum near the eye may be large. Such transfer,
however, cannot be evaluated with sufficient accuracy to
be included here.

Equation (8) can be integrated from the surface to the
top of the inflow layer, which gives (using pressure as the
vertical coordinate)

—Tﬂh—‘fph ¥:$a dp+f1’h

At the top of the inflow layer 7, is zero and the vertical
wind shear is very nearly zero (Hawkins [8]). Therefore,
7o, should be small, and the surface stress can be ap-
proximated by the use of (9).

The second integral could not be evaluated for all days
at all radii, and in computing the surface stress it had to
be omitted. However, an estimate of its magnitude
could be obtained on the 9th by use of aircraft data along
the tracks shown in figure 2. Winds at the three levels
(1600,6400, 14,200 ft.) were averaged along the closed
paths and then adjusted to a common radius of 50 n. mi.
These data indicated a vertical shear of —6 kt. from
1600 to 6400 ft. and —2 kt. from 6400 to 14,200 ft.
Using this vertical profile and the vertical motion from
figure 7, the second integral of (9) was evaluated and
found to be less than 10 percent of the first integral.
This is in agreement with an estimate by Rosenthal [30],
since near the surface where vertical wind chear is large
the vertical motion is negligible, and near the top of the
inflow layer where the vertical motion is large the vertical
shear is negligible. This is almost certainly true for
mean profiles. If most of the vertical ascent takes place
within a few large cumulonimbus clouds, the integration
of (9) becomes more difficult. In any event the second
integral probably represents only a small correction
to the results obtained by evaluation of the first integral.
Consequently, the surface stress was estimated from the
first integral of (9)., : . i

bvo d_p

2 ¢ (9)
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TaBLE 2.—Surface stresses and drag coeflicients compuled by integra-
tion of tangential equation of motion through inflow layer, Hurricane
Donna, September 1960.

Surface Surface Drag co-

Date Radius stress wind Vy efficient

(n. mi.) (dynes/ (m.fsec.) | ea (X10%)

cm?)

September 9. ____ 40 54. 00 36.0 3.60
R 80 23.16 27.8 2.61
|4 120 11.88 25.2 1.63
9. - 160 6.39 19.0 1.54
9., 200 5. 56 17.3 1.62
10 ___. 20 130. 04 52.0 4.19
100 ... 30 89.04 43.8 4.03
10..... 40 50.74 38.0 3. 60
10.__._ 80 30. 56 28.3 3.33
10..... 120 19.25 25.2 2,64
1. 40 62.72 24.2 8.73
) § P 80 34.75 20.0 7.37
) ) S, 120 11.76 17.0 3.54

Calculations of the surface stresses were made for each
of the three days at several radii. The drag coefficient
was then determined by the use of (6). The results are
shown in table 2.

The coefficients in table 2 represent means since both
v, and ¢, were averaged around the cyclone as well as
vertically. On the 9th and 10th the cyclone center was
over water and the results should be comparable to the
Palmén-Riehl and Helene calculations, although at
radii greater than 80 n. mi. portions of the cyclone were
over land on both days. (The percentage of the total
area over land is shown in table 4.) The greater roughness
over land undoubtedly has some influence on the results
shown in table 2. Figure 12 shows a plot of ¢, as a func-
tion of the wind speed over water; the Palmén-Riehl
and the Helene calculations have been added to the Donna
data for the 9th and 10th. It is clear that there is reason-
able agreement between the Donna calculations and earlier
results. These values will be used in computing the
energy fluxes by means of equations (4)—(6).

Before doing so, however, we must estimate the quan-
tities (7,—T,) and (¢,—q.). Since there were not many
ship reports inside the 120-n. mi. radius, this required
some extrapolation of the available data. Water tem-
peratures were composited for a 2-day period (September
7-8) in order to obtain some estimate of the sea surface
temperatures prevailing within the area prior to the
passage of the cyclone. These data were averaged by
5° squares. The average water temperature in the
area over which Donna was to pass on the 9-11th was
about 29.0° to 29.5° C., which is near or slightly above
the climatological average for September. The water
temperatures for the 9th, 10th, and 11th were also com-
posited (four 6-hourly map times on each chart). There
was some slight indication of a drop in water temperature
after the passage of the cyclone. This cooling of the water
after the passage of the cyclone is not unexpected and has
been observed before (Fisher [5]; Pike [24]). It is probably
due to a combination of (1) removal of sensible heat by
the cyclone, (2) upwelling, (3) mixing with several inches
of rain water, which is somewhat colder than the sea
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Ficure 12.—Drag coefficient (c4) as a function of wind speed over
water.

surface water, (4) reduction of insolation by heavy
clouds, and (5) mixing within the ocean.

The available data are not good enough to permit an
exact determination of the average sea surface tempera-
ture inside the area of interest. The data do suggest a
gradual transition from about 29.0° C. in the forward
half of the cyclone to near 27.0° in the rear. These values
were used to compute the heat fluxes on the 9th and 10th.
On the 11th the rear of the cyclone was over land, and
since the only significant heat flux occurred in the front
half, an average of 29.0° C. was used.

Temperatures and dew points of the surface air were
plotted for the three compositing periods (0000-1200
6MT) on the 9th, 10th, and 11th. The data for the 10th
and 11th are shown in figures 13 and 14. Over water the
average surface temperature within the 40-120-n. mi.
area was about 26.0°C., while the average of ten dropsonde
observations in or near the eye between the hours of
0000 ¢mT and 1310 emr on the 9th and 10th was 27.0°C.
The corresponding average dew point temperature was
25.8°C. These data are consistent with an estimate of
a surface air temperature of 26.0°C. in the wall cloud
region on the 9th and 10th. This value was used, and
gives an average air-sea temperature difference of
3.0°C. in the forward and 1.0°C. in the rear half. The
areal average was 2.0°C., which is in agreement with
estimates for other cyclones in the Atlantic area (Malkus
and Riehl [15]; Miller [18]). The average dew point at
the 120-n. mi. radius was about 24.0°C. on the 9th and
10th; this increased to about 25.8°C. in or near the eye.
Figure 14 shows that the surface temperatures and dew
points near the eye over land were about 2°-3°C. lower
than they were over water.
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The presence or absence of a surface heat source may
be determined by calculating the sensible and latent
heat transfers along a trajectory as the surface air flows
inward toward the core of the cyclone. The sensible
heat transfer may be obtained by integration of the
equation which expresses the first law of thermodynamics
along a trajectory. This gives

AQyy=c,(To— TY+RT In py/ps (10)

where AQ,, (cal./gm.) is the change in sensible heat
content along a trajectory. T is the temperature, R is
the gas constant, and p is the pressure.

Similarly,

Aer=L(Q2—Q1) (11)

in which AQ,, (cal./gm.) is the gain or loss in latent heat
following the motion of a parcel, ¢ is the mixing ratio,
and L is the latent heat of condensation.

Four trajectories were constructed from composited
surface data for the 10th. These are shown in figure 15.
These are relative trajectories. The wind data are from
lighthouse stations, supplemented by coastal stations
along the Florida Keys. The trajectories were computed
by working backwards; i.e., from a selected point near the
core of the cyclone (where temperatures, pressures, and
dew points were known from dropsonde data) the parcel
was traced back until a place was reached for which
initial values of temperature, pressure, and dew points
were known. Seven trajectories were constructed for the
11th. These are shown in figure 16. These were con-
structed from streamline-isotach analyses of hourly
charts, using the method described by Petterssen [22].
These were also constructed by working backward.
For both days there is probably some error in locating
the exact origin of the air which eventually reached the
core of the cyclone at the center. However, this is not
important, since the peripheral surface air near the

TaBLE 3.—Latent and sensible heat transfer (Q., and Q,,) in cal./gm.
Sfollowing the motion of a particle at the surface

Radial Length of
Trajectory Interval | Trajectory |Q., cal./fgm.|[Q., cal./fgm.
Number (n. mi.) (n. mi.)
Over-Water Trajectory
24-66 75 1.22 1.98
20-65 60 1.09 1. 60
20-65 140 .93 1.92
12-57 75 1.43 2.37
________________________ 1.17 1.97
Over-Land Trajectory
32-96 95 0.41 —0.29
20-80 60 0.51 0.41
36-90 K —0.27 —0.04
26-78 96 —0.20 —-1.17
20-80 80 —0.13 —0.73
7-80 84 —0.17 —0.91
36-74 70 —-0.04 —0.20
Average | .o |ooo_______ 0.01 —0.36

739-756—64———3
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TaBLE 4.—Surface energy sources and sinks for 3-day period
Date ) 9 9 9 9 10 10 10 10 1 1 1 11
Radial Interval (n, mi.) 1040 40-80 80-120 10-120 1040 40-80 80-120 10-120 1040 40-80
Vo (m. sec=1y__._. 42.0 30.0 240 _________ 45.0 32.0 260 ... 28.5 22,0
(T.—Ta) (°C.) - 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 0.0 13.0
3.90 3.05 210 |oeee . 4.00 3.40 2.90 |__________ *8.70 ;8. Zs
__________ 2. 40
Percentage of arca over land..._._._________________. 0 . 15 30 21 0 16 29 21 100 65
QsX10-12 (cal.fsee.) . ... 1.46 2.21 1. 68 5.35 1.61 2.60 2.47 6. 68 0 .78
(q—q4) (gm./kg.) ... 3.08 3.55 4.36 | _____ 3.08 3.55 4.36 | oo .. 5.30
X 10712 (cal.fsec.) 5.47 9.57 8.84 23.88 6.03 11.25 13.04 30.32 0 3.33
Bowenratio___ _..___________. .27 .23 .19 .22 .27 .23 .19 V22 . .23
Ground friction (X102 cal.fsec.) ... ________ 1.43 1.42 .80 3.65 1.48 1. 64 115 4.27 89 1.34

*mean cq¢ over arca used in computing groungl friction. .
#mean cq for portion of arca over water used in computing Q. and Q..
tfor portion of cyclone over water,

origin of the trajectories was relatively homogeneous
(figs. 13 and 14). The intent here is to show the different
sensible and latent heat contents between the center and
the periphery on the two days. The results are summa-
rized in table 3.

Over water the increase in both sensible and latent
heat along the trajectories was very large, as expected.
The equivalent potential temperatures increased rapidly
as the core was approached. Over land only two of the
seven trajectories show any appreciable increase in sen-
sible heat. These two passed over the Everglades in
southern Florida, a low-lying and swampy area, and some
vertical heat flux is not unexpected. The other five
trajectories show a decrease in sensible heat, such that
the average is very nearly zero. There was some net
loss (on the average) in latent heat content, since some
condensation took place along the trajectories. These
calculations show that surface inflow over land is essen-
tially a moist adiabatic process. This effectually demon-
strates that following landfall the tropical cyclone was
removed from its surface heat source.

It is now possible to compare the flux of energy through
the lower boundary of the cyclone for the 3-day period.
Heat fluxes may be obtained by integrating equations
(4) and (5) over the areas. The surface frictional dis-
sipation of kinetic energy may be determined by forming
the scalar product of V. r and then integrating over the
area (Malkus and Riehl [14]). This gives

F— f peaVidA (12)
Ndd

The results of the calculations of the energy exchange
at the surface are summarized in table 4. Table 3 indi-
cated that the fluxes of latent and sensible heat over
land are very nearly zero, and zero fluxes have been shown
for all land areas.

On the 9th and 10th the vertical fluxes of both sensible
and latent heat were larger than had been found to exist
in either Daisy (Malkus and Riehl [15]) or Helene (Miller
(18]). Inside the 80-n. mi. radius on the 10th the average
sensible heat flux was 0.62X1077 cal. ¢m.™? sec.”!, or
535 cal. cm.”% day~!, and the average latent heat flux
was (in the same units) 2.86, or 2471. Average values

found in Daisy inside the 80-n. mi. radius on the day of
maximum Intensity were 250 cal. cm.™% day~! for the
sensible heat flux, and 1425 cal. em.™2 day~* for the latent
heat flux. The Donna values are comparable to the
oceanic heat source predicted by Malkus and Riehl [14]
for their semi-theoretical model. For the area lying be-
tween radii of 30 and 90 km., with maximum winds of
112 kt., they obtained values (in cal. em.”? day~") of 720
for sensible heat flux and 2420 for latent heat flux. The
agreement 1s striking, particularly when one recalls that
the maximum sustained winds in Donna were about 111 kt.

On the 11th the surface heat source inside the 40-n.
mi. radius was cut off, although there was still some
vertical heat flux from the ocean outside this area, since
at 0600 oMt 35 percent of the arca between the 40 and
80-n. mi. radii was still over water. However, it is the
heat source near the core which makes the most important
contribution to the growth of the energy of the cyclone.
It is within this small area that the surface heat source
results in a strong radial gradient of equivalent potential
temperature. It is the ascent of this surface air with
greatly increased values of equivalent potential tempera-
ture that produces the warm core of the tropical cyclone.
Since the release of latent heat in the absence of a radial
gradient of equivalent potential temperature will not pro-
duce a warm core, the importance of the surface heat
source is evident.

Table 4 shows that the frictional dissipation of kinetic
energy at the surface was less over land than it was over
water. This may be somewhat misleading, since the
wind data used in comiputing surface friction were centered
around 0600 emr on the 11th, which was several hours
after the center moved onshore. It appears likely that
during the first few hours after landfall, frictional dissipa-
tion over land must have exceeded that over water. If
this was the case, the region where this was true may have
been restricted o the region near the core where the winds
were onshore.

The maximum sustained surface wind recorded over
water was about 111 kt., and the highest value computed
for ¢; was about 4.2 1072 Over land the maximum
value for ¢; was 8.7X 1073 In order for the frictional
dissipation over land to equal the maximum over water,
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a surface wind of 86 kt. would be required. At no time
were there any sustained surface winds of this magnitude
recorded, although without a dense network of recording
anemometers, it cannot be established that no such winds
occurred.

The eye passed over Ft. Myers about 1930 amr on the
10th. At this time the minimum pressure recorded at the
Weather Bureau was 951 mb. (A privately owned barom-
eter reported a minimum of 940 mb.) The maximum
wind was about 80 kt. from the northeast, which would
indicate less frictional dissipation over land near the core
than over water just before the eye moved inland. Along
the immediate coast, in the region of onshore winds, it is
probable that the surface winds exceeded 86 kt. and that
the dissipation due to surface friction over a small area
was greater than it had been over water. Turbulence
theory would suggest that there should be greater vertical
shear over land than over water because of the greater
roughness of the land surface. The wind slows down
more at anemometer level than it does at some higher
elevation. The peak gust-mean wind data (fig. 11)
would indicate that this was so. This would contribute
to a lessening of the surface frictional dissipation over
land. The decrease in the pressure gradient over land
(fig. 9) should also result in reduced frictional dissipation,
by permitting the winds to decrease because of reduced
pressure forces.

4, CHANGES IN THE THERMAL STRUCTURE

Next we shall examine the changes in the thermal
structure in the light of the surface exchange processes
and then attempt to formulate some estimate of how
these thermsil changes resulted in dynamical changes in
the cyclone. The surface pressures are known with a
high degree of accuracy, particularly on the 10th and
11th. It was also possible to prepare good analyses of
the 100-mb. level (at least for the area outside the 80-n.
mi. radius) for these two days. From these two levels
mean virtual temperatures for the surface to 100-mb.
layer were computed from

RT*

Zg= g

Inpo/p. (13)

where Z, is the thickness between the two layers and 7%
is the mean virtual temperature. The results are shown
in figure 17.

During the 24-hr. period covered by the data of figure
17, the central pressure rose about 36 mb., but the pressure
outside a radius of 40-n. mi. fell slightly. These two facts
are revealed by the indicated cooling of about 3.0° C. in
the center of the cyclone and a warming of about 0.6° C.
outside the 40-n. mi. radius. This probably reflects a
spreading out of the warm air previously concentrated
near the core and a redistribution of the mass of the
cyclone during the filling process.

The analysis of the 100-mb. level is a critical point here.
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There were very few data at this level inside the 80-n.
mi. radius. It was possible to show that the 100-mb.
surface was almost flat outside this radius, but it cannot
be definitely established that this surface was flat nearer
the core. Data from other cyclones, however, can be
cited to show that where data are available some level
can be found at which the constant pressure surface is
relatively flat. For our argument it does not matter
whether this level is at 200 mb. or at 80 mbh. Figure
18 shows data collected by a flight through the center of
hurricane Ella, October 19, 1962, at a level of about
41,000 ft. At that time the central surface pressure was
about 962 mb.

However, the “D” value profile (deviations of the height
of a constant pressure surface from the equivalent height
of a standard atmosphere) indicates a very nearly level
surface. Variations in temperature and wind speed were
also minor. Figure 19 shows the height of the 100-mb.
surface at Miami during the passage of Donna, plotted
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as a function of the distance of the sounding balloon from
the center of the cyclone. The surface is virtually flat
to within 60-n. mi. of the center. The heights, however,
are somewhat above normal. This is in agreement with
a conclusion by Rosenthal [31], based on the results of
a numerical experiment, that the height of the 100-mb.
surface probably rises during the development of an in-
tense surface cyclone. It is also consistent with earlhier
models (Palmén [19]; Riehl [28]). We have, therefore,
assumed that the 100-mb. surface over Donna was rela-
tively flat. Until observational data can be obtained to
prove that this is the case over most tropical cyclones,
conclusions based on the assumed flatness of this surface
must be considered as tentative.

We may choose p, in (13) as the surface pressure and p,
as 100 mb. Z, then becomes the height of the 100-mb.

surface. Now differentiate (13) with respect to » and ¢
Opy_ Do [ 9 0Z1n__ L Do or* (19
or,t R ort 100 or, ¢

If the height of the 100-mb. surface is constant, surface
pressure gradients or local changes depend primarily upon
the gradient or local changes in the mean virtual tempera-
ture. To explain the surface pressure gradient, one must
explain the tropospheric temperature field. 'This tem-
perature field is partly dependent upon the surface heat
source.

Time changes of the temperature, mixing ratio, potential
temperature, and equivalent potential temperature of the
surface air near the eye were prepared (fig. 20). These
data are based on surface reports in or near the eye. They
are intended to represent the best available estimate of
surface conditions in the wall cloud region. The point for
the 8th is based on a report from Ragged Island Key.
The last temperature and humidity data were recorded
when the eye was about 40 n. mi. from the station, but
barometric pressures were recorded throughout the passage
of the center. Computations were based on the assump-
tions of isothermal expansion, which is well documented
by observational data in other cyclones (Deppermann [4]),
and a relative humidity of 95 percent inside this radius.
The data points for the 9th and 10th are each based on the
average of five dropsonde observations made in or near
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the eye between the hours of 0000 emT and 1310 cMT
on each day. Other data are from land station reports;
they were recorded at the time of the minimum pressure.
All land station data used were within 7 mi. or less of the
eye at the time of the lowest pressure.

Note first the change in the observed surface tempera-
ture. The eye began to move inland between 1200 and
1500 aMT on the 10th and 0300 Mt on the 11th. The
surface air remained near saturation throughout; conse-
quently, the reduction in temperature was associated with
a sharp drop in the mixing ratio. The potential tempera-
ture also dropped, but by far the most spectacular change
was in the equivalent potential temperature, which fell
from a maximum of 374°A. to a minimum of 353°A.

The potential temperature and the equivalent potential
temperature observed near the eye over land are character-
istic of their values outside the 60-n. mi. radius while the
The temperature and mixing
ratio are somewhat less as a result of moist adiabatic
expansion.

The vertical temperature profiles which would result
from moist adiabatic ascent of surface air having equiva-
lent potential temperatures of 374°A. and 353°A. are
plotted in figure 21. These are characteristic values of
6, for the intense cyclone over water and the weakening
cyclone over land. These curves represent the maximum
values of the temperature which can occur at the upper
levels; i.e., the value of 8, at the surface limits the amount
of warming within the middle and upper troposphere.
At 500 mb. the temperature difference between curves
“A” and “B” is about 6°C. and at 200 mb. it is about 12°C.

The processes by which the core of a tropical cyclone
warms or cools may be determined from the first law of
thermodynamics for moist air

@__I dqa dT dy)

dt “a A

(15)

where H is sensible heat per unit mass and « is specific
volume. By making use of the approximation, ¢,=
e¢s/p, (e being the ratio of the molecular weight of water
to that of dry air, ¢, and ¢, the saturation mixing ratio
and vapor pressure), and then introducing the Clausius-
Clapeyron equation to eliminate de/dT (Rosenthal [30]),
we obtain

i[—_{:[: L2, ] dT

ee, L dp
di [ +

If we now introduce an approximate form for the moist
adiabatic lapse rate, d7/dp, (Haurwitz [7]), expand
dTjdt, replace 0T/0p by T, dP/dt=w (the vertical motion),

and then define
B= l:c,,-i— BT ]

the first law of thermodynamics for moist air (in a relative

(16)

_coordinate system) may be written as
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8T 16H
6_t——VR'VT+w(Ps—F)+§ 5

17)
V:r being the relative wind.

If (17) is multiplied by d(In p) and then integrated be-
tween two fixed pressure surfaces, p, and p, one obtains
(after rearranging) the thickness tendency

5Z, R 1 H
#=?[~VR.VT+0)(I‘S—I')+“BW] Inp/p (18)

where the overbar indicates vertical integration. Since
the tropical cyclone has a warm core, its growth and dis-
sipation are determined by warming or cooling of the core.
Equation (18) describes explicitly three thermal processes
by which the cyclone intensifies or weakens: (1) lateral
advection of warm or cold air into the core; (2) free con-
vection, or the forced ascent of stable air; (3) gain or loss
of sensible heat (by turbulent transfer across the lower
boundary or by radiation). The first always acts to cool
the core, even during the intensification process. Over

Pl -

60 50 40 30 20

TEMPERATURE (*C)

Ficure 21.—Vertical temperature profiles following vertical ascent
of undiluted surface air having equivalent potential temperatures
of 353°A. and 374°A.
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land the third is negligible except for the loss of heat by
radiation from the tops of clouds. Hence, we must con-
clude that the core cools over land as a result of the forced
ascent of stable air. During development the surface
heat source produces the low-level instability needed to
make (I';—I') <0 so that ascending motion near the center
results in the production of the warm core. Thus, the
importance of the oceanic heat source is demonstrated in
another way.

5. THE KINETIC ENERGY BALANCE

It has been shown that numerous structural, thermal,
and dynamical changes occurred in the cyclone after the
center moved inland. Some of these changes have been
related to the removal of the oceanic heat source. It is
now possible to examine the influence of these changes on
the kinetic energy balance of the cyclone. >

The kinetic energy equation is

oKda—— f f " KdL Y2 —
a LJp, (1

_ f & f V-VadAdp+ f oVeFda (19)
Dy A Ja

f pokdA

The first two terms on the right represent the change
in kinetic energy inside the volume, «, due to transport
through the boundary. The third integral is the sum
of the production of kinetic energy inside the volume
by pressure forces and the work done by pressure forces
acting on the boundary. The last integral on the right

is the frictional dissipation. The ‘“production’” term
will be evaluated by the approximation
f f V:VzdAdp= f f V — b (20)

since the height field was almost circular. The frictional
dissipation term can be transformed to (Riehl [29])

fpVFda fV—d—fa(VT)d—ff—d

The first integral on the right gives the dissipation at

TasLE 5.—Kinetic energy budget for the inflow layer (surface to 700 mb).
8K /5T is the local change of kinetic energy in a moving coordinale system

wmward transport.
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the upper and lower boundaries, the second, internal
dissipation. We assume that the frictional stress is

negligible at the top of the cyclone. Hence

{29 e ([ vertd=— [ peozaa
@ 0z A JA

Internal friction may be large (Malkus and Riehl [15];
Miller [18]), but it cannot be evaluated from the data.
However, it is not necessary for our present argument.
For the inflow layer the data permitted a detailed
calculation of the kinetic energy budget. This is fortu-
nate, since the inflow layer is in essence the dynamo
which runs the cyclone. The results of these calculations
are summarized in table 5. The table shows the pro-
duction of kinetic energy, horizontal divergence, dissi-
pation by surface friction, and vertical transport through
the upper boundary (700 mb.). The local change (8K/ét)
was derived from a time rate of change curve, which was
prepared from the analyses of the isotach patterns.
The production of kinetic energy decreased sharply
after the center moved inland. Production for the 10-
120-n. mi. ring was 23.36 10" kj./day on the 10th.
On the 11th, when the cyclone was over land, this had
decreased to 12.24 X 10" kj./day. Within the innermost
ring (10-40 n.mi.) the decrease was even more remarkable,
with production dropping from 9.49 units to 3.34 uaits.

On the 9th, the cyclone was still intensiflying, and the
inflow layer produced some excess kinetic energy which
may either have been exported by small-scale eddy
stresses (either vertically or horizontally) or dissipated
by internal friction. On the 10th there was a large
amount left over for either export or internal friction.
At this time the cyclone was in steady state. It is postu-
lated that the excess was exported vertically by means
of strong updrafts in cumulonimbus clouds, and later that
it was either exported horizontally by the mass outflow
in the upper troposphere or dissipated by doing work in
the region where the outflow was against the pressure
gradient. On the 11th the inflow did not produce enough
kinetic energy to overcome surface friction and to provide
that exported vertically by the mass circulation. None
was left over for internal friction. Consequently, the

(21)

Units are 10" kj. /day. Negalive values indicate production and

Date X 9 9 9 9 10 10 10 10 11 11 11 11
Radial Interval (n. mi.) .. _________________.__ 10-40 40-80 80-120 10-120 10-40 10-80 80-120 10~120 10~40 40-80 80-120 10-120
Production. oo .o —8.09 —4.71 —4.32 | —-17.12 —9.49 -7.97 —5.90 | —23.36 —3.34 —5.10 —3.80 —12.24
Lateral Divergence_ ... ... —4.63 —-0.58 —0.08 -~5.29 ~5 37 ~1.34 —1.89 —8.60 —4.76 —0.40 0.38 —4.78
ca X108 e 3.90 3.05 2.10 . 4 00 3.40 2.90 | ... 8.70 8.25 5.80 (oo ..
Dissipated by surface friction.____.____._______.____ 5.18 5.15 2.88 13.21 5.37 5.92 4.17 15.46 3.21 4.85 3.06 11.12
Vertical transport_________ ... 5.99 2.30 0.23 8.52 7.18 3.36 1.35 11.89 4.09 2.10 0.68 6.87
Py LY 0.23 0 —0.42
Residual. e —1.55 2.16 -1.29 —0.45 —2.31 -0.03 —-2.27 —4.61 —0.80 1.45 0.32 0. 55
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Ficure 22.—Radial profiles of the height of the 850-mb. surface.

circulation of the inflow layer itself must have been
weakening.

Reduced production of kinetic energy after landfall
resulted from a decrease in the pressure gradients and not
primarily from a reduction in the mass flow. This may
be seen from an examination of fizures 22 and 23. The
former shows representative curves of the 8§50-mb. surface
on each of two days. The latter shows the radial mean
wind for the inflow layer; the mean », on the 11th is about
80 percent of its value on the 10th. Since production
within the 10-120-n. mi. area decreased about 50 percent,
it is apparent that this decrease was not due to a reduction
in the mass flow. It has already been shown that the
pressure gradients decreased because the core cooled, and
that this cooling was due to a removal of the oceanic heat
source. Hence, one may conclude that the circulation of
the inflow layer also weakened because the surface heat
source was removed.

6. SUMMARY AND CONCLUSIONS

As air flows toward the center of a tropical cyclone over
the oceans, sensible and latent heat is added along the
trajectory. These additions raise the equivalent potential
temperature of the air, and a radial gradient of equivalent
potential temperature is produced at the surface. As air
ascends at different radii a radial gradient of mean virtual
temperature from the surface to the upper troposphere
results. This warm core structure is responsible for the
intense pressure gradients found in tropical cyclones.

Over land, however, a horizontal trajectory takes a path
which is very close to moist adiabatic. The oceanic heat
source is absent, and the resultant radial gradient of equi-
valent potential temperature at the surface is destroyed
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Ficure 23.—Radial profiles of the vertical mean of the radial wind
for the inflow layer.

or greatly weakened. Following ascent of this surface
air, the gradient of mean virtual temperature from the
surface to the upper troposphere is destroyed. The warm
air that was previously concentrated near the core of the
cyclone is spread out over the larger area. The pressure
in the interior rises; at the same time, the pressure at
some outer radii (in Donna this was outside the 40-n.
mi. radius) falls. This cooling of the core of the
cyclone eventually results in weakening and decay of the
circulation.

Mass flow through the inflow layer remained virtually
unchanged after the cyclone moved inland, at least for a
period of several hours. However, within a few hours,
the radial gradients of the heights of the constant pressure
surfaces near the core of the cyclone decreased to less than
one-hall their value at the time of landfall. The produc-
tion of kinetic energy is proportional to the product of the
mass flow and the height gradients. Hence, the produc-
tion of kinetic energy decreased. Since height gradients
are known to depend upon thermal gradients, and since
the decrease in the height gradients was due to cooling of
the core of the cyclone, it follows that the decrease in the
production of kinetic energy was due to cooling of the
interior of the cyclone. :

The surface drag coefficients are larger over land than
they are over water by a factor of a little over two. The
dissipation of kinetic energy by surface friction is pro-
portional to the product of the drag coeflicient and the
third power of the surface wind speed. -The increased
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surface roughness over land results in a decrease in the
surface wind speed. Turbulence theory suggests that
there must also be greater vertical shear over land than
over water, i.e., the decrease in the wind at the anemom-
eter level is greater than it is at some higher level, say 100
m. This, however, cannot be verified with the data
available. It can be shown, however, that within a few
hours after landfall the dissipation of kinetic energy by
surface friction is less over land than it is over water.

With all these factors considered, it is concluded that
hurricane Donna filled and weakened over land as a
result of the removal of the oceanic heat source. In-
creased surface roughness over land resulted in some
reduction in the surface wind speed, but was not
responsible for the filling of the cyclone.
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